The goal of this study was to evaluate the suitability of the fimA gene amplification by PCR as a specific method for detection of Salmonella strains. Salmonella typhimurium and other pathogenic members of the family Enterobacteriaceae produce morphologically and antigenically related, thin, aggregative, type 1 fimbriae. A single gene, fimA, encodes the major fimbrial unit. In order to obtain higher specificity, we have selected a series of primers internal to the fimA gene sequence and have developed a PCR method for detecting Salmonella strains. A collection of 376 strains of Salmonella comprising over 80 serovars, isolated from animals and humans in Canada, have been used to evaluate this PCR method. Forty non-Salmonella strains were also tested by the same procedure. Cultures were screened by inoculating a single colony of bacteria directly into a PCR mixture containing a pair of primers specific for the fimA gene. The specific PCR product is an 85-bp fragment which was visualized by polyacrylamide gel electrophoresis and ethidium bromide staining. All Salmonella strains gave positive results by the PCR. Feed and milk samples contaminated by Salmonella strains were also detected by this procedure. The detection of all Salmonella strains tested and the failure to amplify the fragment from non-Salmonella strains confirm that the fimA gene contains sequences unique to Salmonella strains and demonstrate that this gene is a suitable PCR target for detection of Salmonella strains in food samples.
Members of the genus Salmonella are gram-negative and facultatively anaerobic, rod-shaped bacteria (25) . Phenotypically and phylogenetically (47) , the genus Salmonella represents a homogeneous taxon within the family Enterobacteriaceae (2, 4) within the delta subclass of proteobacteria. On the basis of DNA similarity, the Salmonella genus is closely related to the Escherichia, Shigella, and Citrobacter genera (13) . High DNA similarity values among Salmonella strains revealed that members of this genus (38) represent only one species, divided into seven DNA relatedness groups (groups I, II, IIIa, IIIb, IV, and VI). Two thousand different serotypes (11, 12, 20, 36) are known, and most of them have been isolated from humans and warm-blooded animals. Foods of animal origin, such as milk and poultry, are frequently implicated in human infection because of the high prevalence of Salmonella strains in domestic animals (20) . Salmonellosis (36, 40, 42) accounts for 2 to 4 million cases of food-borne infection annually in the United States and results in tremendous economic cost from lost productivity and medical treatment. In clinical specimens or food products, potentially pathogenic bacteria may be present in low numbers, requiring their isolation by time-consuming and laborintensive culture techniques. Control of infection depends on the availability of rapid methods and precise diagnostic tests for monitoring the primary animal production, food-producing factories, and final products. For this purpose several rapid methods have been developed. These methods include enzyme-linked immunosorbent assays using polyvalent, polyclonal antibodies (23, 27) or monoclonal antibodies against somatic or flagellar antigen (15, 16, 19) and DNA hybridization assays using polynucleotide or oligonucleotide probes. Hybridization assays using cloned DNA probes for detection of Salmonella strains in food have been developed (1, 3, 33) . Most of these techniques require preenrichment steps and thus are time-consuming. The PCR technique (33) provides a new strategy for rapid and sensitive detection of Salmonella strains. Bacterial adherence (24) is generally believed to be a prerequisite for infection, and there is evidence that many bacteria have surface appendages, such as fimbriae (2, 7, 8) or pili, that mediate binding to specific receptors on the epithelial cell surface, to urinary tract or intestinal mucus. Although certain types of Escherichia coli fimbriae are known to be important for virulence, only type 1 fimbriae have been implicated in Salmonella pathogenicity. They are proteinaceous filaments (7, 8) produced by many members of the family Enterobacteriaceae (22) . The expression of type 1 fimbriae (9, 12, 26) can be detected in vitro by agglutination of Saccharomyces cerevisiae cells or guinea pig erythrocytes; agglutination is inhibited by the presence of mannose (26) . In E. coli and Salmonella strains, the phenotypic expression of type 1 fimbriae is encoded by a cluster of genes (29) . A single gene, fimA, encodes the major fimbrial subunit (31) . The Salmonella typhimurium fimA gene has been cloned and sequenced (29, 39) . The nucleotide sequences of the fimA genes of E. coli and Klebsiella pneumoniae have significant homology but are not fully homologous (38) . Primers were designed specifically to amplify regions of the fimA gene from Salmonella strains but not from E. coli or K. pneumoniae. To ensure the specificity of our primers, we have taken advantage of the fact that Ampli Taq DNA polymerase does not extend primers across its template if there is even a single nucleotide mismatch at the 3Ј-OH ends and we designed oligonucleotide primers to a region where the S. typhimurium nucleotide sequences do not match the 3Ј ends of the fimA genes of E. coli and K. pneumoniae.
Our strategy was to evaluate the PCR technique with pure cultures and then apply the method to contaminated samples. In this report, we describe the first step in the development of a PCR-based method that can be used for specific, sensitive, and rapid detection of Salmonella strains. Identification of contaminated feed and milk samples has to be evaluated to ascertain the feasibility or usefulness of this procedure. This method is superior to other methods because of its simplicity. Table 1 , and the sources of non-Salmonella strains are given in Table 2 .
MATERIALS AND METHODS

Strains
The bacteria were grown and maintained in a nutrient broth (Difco Laboratory) at 37ЊC, unless American Type Culture Collection instructions specified otherwise. Salmonella isolates from feeds, eggs, meat products, and environmental samples were collected by Canadian Government Inspection Staff and submitted for routine microbiological analysis by Laboratory Services Division and serotyped by Agriculture Canada, Health of Animals Laboratory, Guelph, Ontario, Canada. Biochemical confirmations were performed on all strains by using the Vitek (Merieux, France) identification system.
The isolates were routinely grown by streaking on nutrient agar and incubating at 37ЊC. A single colony was picked and placed in 10 ml of GN broth Hajna (Difco), and viable counts were obtained by plating serial dilutions of the broth culture.
(i) Preparation of the bacterial samples. Bacteria were lysed with an equal volume of 2% (wt/vol) Triton X-100 and heated at 100ЊC for 5 min. The samples were cooled to room temperature and used immediately in the PCR. Whenever necessary, chromosomal DNA was purified by phenol-chloroform-isoamyl alcohol extraction by the method of Wheatcroft and Watson (44) . Purified DNA was precipitated with ethanol, resuspended in sterile deionized water at about 1 g/ml based on optical density at 260 nm, and stored at Ϫ20ЊC until use.
(ii) DNA extraction from feed samples. Each sample (100 g) was mixed with 200 ml of buffered peptone water and incubated for 1 h at 37ЊC. Then 700 ml of the buffered peptone water was added to the mixture, which was incubated at 37ЊC for 18 to 24 h. An aliquot of 1 ml was added to 9 ml of tetrathionate and brilliant green broth (Health Protection Branch, HPB-20, 1978 ) and incubated for 24 h. The cultured feed samples were spun at 9,000 rpm for 15 min. One loopful of pellet was taken from each sample and transferred to a test tube filled with 2 g of glass beads (150 to 212 m; Sigma) and 50 l of 10% Tween 80 vortexed for 30 s and 2 ml of 0.25 M NaCl-1 mM EDTA (pH 8.0) were added. Two milliliters of phenol-chloroform-isoamyl alcohol (25:24:1) was added and vortexed. The tube was centrifuged at 9,000 rpm for 20 min. The supernatant was carefully transferred to another tube and extracted with a phenol-chloroform mixture. The DNA was precipitated with 3 M sodium acetate and ethanol and resuspended in Tris-HCl (pH 7.4).
PCR design and amplification conditions. Oligonucleotide primers were designed for PCR amplification of Salmonella strains on the basis of the previously (29) was used as a running buffer. The gels were run at 155 V for 45 min. The gels were stained with ethidium bromide (10 g/ml) in TBE and photographed under UV with a Polaroid camera (Fotodyne). A DNA size ladder (Bio-Rad) ranging from 50 to 2,000 bp was used as a marker.
Specificity of the PCR. Genomic DNAs from the Salmonella strains listed in Table 1 were used to amplify fragments as described above in "PCR design and amplification conditions." Single colonies and genomic DNAs for the non-Salmonella strains listed in Table 2 were used for PCR amplification.
Sensitivity of amplification. Sensitivity is the ability of the PCR to detect the fimA gene and evaluate the occurrence in the collection of Salmonella species.
(i) Bacterial dilution. S. typhimurium was used to assess the sensitivity of the PCR assay using a single colony for sample preparation prior to PCR. A 5-ml nutrient broth (NB) culture was inoculated with a single colony, incubated for 24 h at 37ЊC, and diluted with NB solution to obtain dilutions over the range of 10 0 to 10 10 . A 4-l aliquot of each dilution was added directly to the PCR mixture. Viable counts were obtained by plating 50 l of each dilution on NB plates and incubating at 37ЊC overnight.
(ii) Genomic DNA. Genomic DNA from S. typhimurium LT2 was diluted with sterile water to a concentration ranging from 50 ng to 1 fg. PCR, PAGE, and ethidium bromide detection were carried out under the same conditions as described above.
DNA hybridization. Southern blot hybridizations were performed with a 512-bp fimA fragment as the probe. For Southern blots, the PCR products were electrophoresed on a 2% agarose gel. The DNA was denatured in a solution containing 0.5 M NaOH and 1 M NaCl for 20 min at room temperature with gentle shaking. The DNA was transferred onto positively charged nylon membrane (catalog no. 1209299; Boehringer Mannheim) with 10ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and cross-linked to the membrane by exposure for 3 min to short-wavelength UV light (254-nm wavelength) (Fotodyne). 
RESULTS
Specificity of the PCR.
All Salmonella strains amplified with the 85-bp fragment with the sets of primers under the PCR conditions. Non-Salmonella strains did not amplify, and no nonspecific products were amplified. PCR amplification was found only in Salmonella strains and not in non-Salmonella strains, regardless of the method of template preparation. Figure 1 shows the amplification of the fragment from representative samples of Salmonella and non-Salmonella strains. Table  3 is a comparison of the priming sites of S. typhimurium, E. coli, and K. pneumoniae. This shows the specificity of the primers to S. typhimurium.
Sensitivity of amplification. (i) Bacterial dilution.
From the range of dilutions tested, we were able to detect 40 Ϯ 10 cells under the PCR conditions used for amplification. S. typhimurium LT2 was the strain tested by the single-colony method.
(ii) Genomic DNA. The lower limit of detection of diluted genomic DNA was 5 pg by ethidium bromide staining (Fig. 2) . However, the sensitivity was improved by silver staining or by hybridization with a probe down to levels of less than 1 pg.
(iii) Detection of Salmonella strains on samples. Table 4 shows the results obtained from contaminated feed and milk samples after 18 to 24 h of enrichment (as described previously), an effective way of isolating DNA from samples so that PCR could be carried out without any inhibition.
(iv) Hybridization. The results of Southern hybridization with DIG-labelled probe further confirmed the amplification of the fimA gene. All Salmonella strains amplified the PCR fragment hybridized to the probe. This further clarifies the lack of amplification of the fragment by PCR of the non-Salmonella strains. There is no hybridization in non-Salmonella (Fig. 3) strains.
DISCUSSION
S. typhimurium causes infections in humans that are manifested by typhoid fever, septicemia, and gastroenteritis (42, 44) . For food control and regulation, sensitive and specific detection methods for pathogenic bacteria are required. PCR combines simplicity with a potential for high specificity and sensitivity in Recently a PCR method for detection of Salmonella enterica has been also published by Widjoatmodjo et al. (45) in which a Salmonella-specific fragment was amplified with primers deduced from a replicon, and a specific amplification product was seen in all 25 strains tested. Aabo et al. (1) selected primers from a 2.3-kb, Salmonella-specific random sequence and amplified a 429-bp fragment by PCR. Though all non-Salmonella strains did not amplify, two strains of S. arizona, monophasic, failed to yield a fragment. Rahn et al. (32) amplified an internal fragment of the invA gene shown to be essential for Salmonella invasion in cell culture; amplification of the nucleotide sequence was evaluated on 630 strains but two Salmonella spp., Salmonella lichfield and Salmonella senftenberg, did not amplify. Some nonspecific amplification in non-Salmonella strains was also evident. Nguyen et al. (28) also used a clone that contains Salmonella-specific, 2.1-kb HindIII fragment of DNA. They selected two primers and amplified 23 Salmonella species, and no amplification was obtained for 19 enteric and nonenteric bacteria. However, they did not test all the serogroups and serotypes.
Our method is very specific and can detect more than 27 serogroups and serovars. The fimA gene seems to be unique, at least in the region of our primers, to Salmonella strains and can differentiate between Salmonella and non-Salmonella spp. This is very useful in the diagnosis of Salmonella organisms at the genus level but not at the species level. The lack of nonspecific bands during amplification plus the lack of false-positive results makes this method unique. Designing the primers to amplify only Salmonella DNA with a small fragment makes it useful for attachment to microtiter plates (33) or synthesis on a synthesizer for salmonella detection. The sensitivity of our method compares well with those of other methods (34, 38) . We can further improve the sensitivity with hybridization of probes labelled with acridinium esters. The PCR method works very well for contaminated feed and milk samples. The DNA can be isolated easily, and Salmonella strains can be detected by PCR. The antigenic determinants for fimbriae are conserved in most Salmonella strains. Salmonella gallinarum and Salmonella pullorum are unusual with regard to the production of fimbriae (16) . Most Salmonella serotypes form type 1 fimbriae (15), which bestow on bacteria diverse adhesive properties, but strains of S. gallinarum and S. pullorum form type 2 fimbriae, which lack their adhesiveness. In our example S. gallinarum yields an amplicon (fimA), indicating that the gene is still present, which may be in an inactive form. S. typhimurium However, in this study two primers which specifically amplify an 85-bp fragment in strains of the genus Salmonella were selected and synthesized. The primers were selected completely internal to the fimA gene. By selecting primers completely internal to the fimA gene, all non-Salmonella strains responded negatively to the amplicon of the fimA gene. The size of the amplicon, 85 bp, made it a promising diagnostic tool for the sensitivity and the specificity.
There are inhibitory substances in environmental samples, and enrichment is necessary (34, 35) since the number of Salmonella cells is very low (3) . In preliminary experiments, we tried to amplify DNA directly from 43 samples that gave negative results by biochemical methods, of which 4 samples gave positive results by our PCR method (data not shown). We have repeated this procedure on 60 samples (Table 4 ) by using the extraction procedure outlined in Materials and Methods, and the data clearly indicate the accordance between the results of the biochemical method and PCR. This procedure is very economical and efficient for specific and sensitive detection of Salmonella strains.
Our results confirm that the fim gene is unique to Salmonella strains. PCR is an effective, rapid, reliable, and sensitive technique for the detection of the fimA gene of Salmonella strains. The utilization of the fimA gene as a probe provides a valuable diagnostic format for Salmonella strains. The fimA gene demonstrates excellent inclusivity and exclusivity properties representative of the high degree of conservation of the fimA gene among Salmonella serovars. 
